To guide improved properties coincident with reduction of critical materials in permanent magnets, we investigate via density functional theory (DFT) the intrinsic magnetic properties of a promising system, R(Fe1−xCox)11TiZ with R=Y, Ce and interstitial doping (Z=H, C, N). The magnetization M , Curie temperature TC, and magnetocrystalline anisotropy energy K calculated in local density approximation to DFT agree well with measurements. Site-resolved contributions to K reveal that all three Fe sublattices promote uniaxial anisotropy in YFe11Ti, while competing anisotropy contributions exist in YCo11Ti. As observed in experiments on R(Fe1−xCox)11Ti, we find a complex nonmonotonic dependence of K on Co content, and show that anisotropy variations are a collective effect of MAE contributions from all sites and cannot be solely explained by preferential site occupancy. With interstitial doping, calculated TC enhancements are in the sequence of N>C>H, with volume and chemical effects contributing to the enhancement. The uniaxial anisotropy of R(Fe1−xCox)11TiZ generally decreases with C and N; although, for R=Ce, C doping is found to greatly enhance it for a small range of 0.7<x<0.9.
I. INTRODUCTION
The search for new permanent magnets without critical materials has generated great interest in the magnetism community. [1, 2] Developing CeFe 12 -based rareearth(R)-transition-metal(T M ) intermetallics [3] [4] [5] [6] [7] is an important approach, considering the relative abundance of Ce among R elements and the large content of inexpensive Fe. To improve CeFe 11 Ti as a permanent magnet, it is desired to modify the compound to achieve the best possible intrinsic magnetic properties, such as magnetization M , Curie temperature T C , and magnetocrystalline anisotropy energy (MAE) K. Both substitutional doping with Co [8] and interstitial doping with small elements of H, C or N can strongly affect its magnetic properties. A theoretical understanding of intrinsic magnetic properties in this system and the effect of doping will help guide the experiments and help ascertain the best achievable permanent magnet properties.
Binary iron compounds of RFe 12 do not form for any R elements unless a small amount of stabilizer elements are added, such as T =Ti, Si, V, Cr, Mo, or W. [9] Such RFe 12−z T z compounds are generally regarded as ternaries rather than pseudobinaries because the third element, T , atoms often have a very strong site preference and exclusively sit at one of three nonequivalent Fe sites. [10] Magnetization often decreases quickly with the increase of T composition and a minimum amount of Ti (z=0.7) is needed to stabilize the structure, resulting in Ti compounds having better magnetic properties than others. [11] Prototype yttrium compounds are often studied to focus on the properties of the T M sublattices in the corresponding R-T M systems because yttrium can be regarded as a nonmagnetic, rare-earth element.
In comparison to other R-Fe systems, [11, 12] such as * Corresponding author: liqinke@ameslab.gov Y 2 Fe 17 and Y 2 Fe 14 B, Fe sublattices in 1-12 compounds have relative low magnetization due to a more compact structure, but at low temperatures a very high uniaxial MAE, e.g., K=2 MJm −3 in YFe 11 Ti. [8, 13] Curie temperatures are relatively low; M and K quickly decrease with increasing temperature. [14] [15] [16] CeFe 11 Ti has T C ≈485 K, and a low-temperature magnetization within a range of 17.4−20.2 µ B /f.u., while YFe 11 Ti has a slightly larger M and T C . At room temperature, CeFe 11 Ti has a larger K (1.3 MJm −3 ) than YFe 11 Ti (0.89 MJm −3 ). This may indicate that the Ce sublattice has a positive contribution to the uniaxial anisotropy. [15] The substitutional doping with Co is a common approach to improve T C in R-Fe compounds. [8] Pure phase R(Fe 1−x Co x ) 11 Ti exists over the whole composition range for both R=Y and Ce. [17] The largest magnetization in Y(Fe 1−x Co x ) 11 Ti occurs at YFe 8 Co 3 Ti while the T C increases continuously with Co composition until it reaches the maximum in YCo 11 Ti. [18, 19] For Ce compounds, the maximum T C is obtained in CeFe 2 Co 9 Ti. [17] The dependence of MAE on the Co composition in R(Fe 1−x Co x ) 11 Ti is more intriguing and not understood. Although early experiments [8, 14] suggested that YCo 11 Ti has a planar anisotropy, later experiments agreed that YCo 11 Ti has uniaxial anisotropy, [17] [18] [19] [20] [21] [22] [23] but with a magnitude smaller than those of YFe 11 Ti. For the intermediate Co composition, anisotropy changes from uniaxial to planar and then back to uniaxial with the increase of Co composition in both of Y(Fe 1−x Co x ) 11 Ti and Ce(Fe 1−x Co x ) 11 Ti. [17] [18] [19] [20] [21] [22] [23] The interstitial doping with H, [15] N [5, 24, 25] and C [26] [27] [28] can increase M and T C , and provide control of the magnitude and sign of the MAE constants in RFe 11 Ti. Hydrogenation simultaneously increases all three intrinsic magnetic properties in YFe 11 Ti, and enhancements are ∆M =1 µ B /f.u. at 4.2 K, ∆T C =60 K, [16, 29] and ∆K= 6.5%, [16] respectively. Insertion of larger C and N atoms has a much stronger effect on the enhancements of M and T C . [27, 30] Unfortunately, it is achieved at the expense of uniaxial anisotropy. In compari-son with YFe 11 Ti, enhancements of ∆M =2.6 µ B /f.u. and ∆T C =154 K were observed in YFe 11 TiC 0.9 , and ∆M =2.7 µ B /f.u. and ∆T C =218 K in YFe 11 TiN 0.8 . The MAE decreases by ∆K=0.6∼0.7 MJm −3 in both compounds. Doping influences the MAE contributions from both T M sublattice and rare-earth atoms. It had been argued that the proximity of doping atoms to the rareearth atoms in RTiFe 11 N x may lead to drastic changes in the rare-earth sublattice anisotropy, [25] and N doping often has an opposite effect on MAE as H doping. [30] For Ce compounds, a similar amount of T C enhancement was obtained upon nitriding, [5] and the effect of H doping is much smaller. Isnard et al. [15] found that not much change is observed upon H insertion either in the room temperature anisotropy or in saturation magnetization.
Other possible interstitial doping elements such as B, Si or P atoms are much less favored to occupy the interstitial sites due to chemical or structural reasons. [26] In fact, interestingly, it has been found that the B atoms prefer to substitute for some of the Ti atoms and drive the Ti into the interstitial. [31] The nature of the Ce 4f state different Ce-T M compounds is often a controversial subject. [32] The anomalies in the lattice constants as well as the magnetic moment and Curie temperature have been interpreted as evidence of the mixed-valence (between Ce 3+ and Ce 4+ ) behavior of the cerium ion. It is further complicated by the doping. Controversy remains on how Ce valence states are affected upon hydrogenation. [15, 33] It also has been shown that Ce 4f states are itinerant and, as such, the standard localized 4f picture is not appropriate for systems such as CeCo 5 . [34, 35] Moreover, in the (Nd-Ce) 2 Fe 14 B system, the mixed valency of Ce has been shown to be due to local site volume and site chemistry effects. [36] In this paper the 4f states in Ce are treated as itinerant and included as valence states, and we found that magnetic properties calculated are in good agreement with experiments.
II. CALCULATION DETAILS
A. Crystal structure RFe 11 Ti has a body-center-tetragonal ThMn 12 -type (I4/mmm space group, no.139) structure, which is closely related to the 1-5 and 2-17 R-T M structures. [11] The primitive unit cell contains one formula unit (f.u.). As shown in Fig. 1 , R atoms occupy the 2a(4/mmm) site, while transition metal atoms are divided into three sublattices, 8i(m2m), 8j(m2m) and 8f (2/m), each of which has fourfold multiplicities. The 8j and 8f sites bear a great similarity in their local environments with respect to the distribution of coordinated atoms, [37] whereas the 8i sites, often referred to as dumbbell sites, form -Fe-Fe-R-chains with R atoms along the basal axes, instead of the c axis, as in the 2-17 structure. [38] Ti atoms occupy nearly exclusively on the 8i sites, however, the distribu- Each R atom has four nearest 8i, eight nearest 8j, and 8f neighbor atoms. Among three T M sites, the 8i site has the shortest distance from the R atom. Interstitial sites 2b (not shown) are halfway between two R atoms along the c axis and coordinated by an octahedron of two R and four Fe(8j) sites.
tion of Fe and Ti atoms within the 8i sites is disordered.
To calculate RFe 11 Ti, we replace one of four Fe(8i) atoms with Ti in the primitive cell of RFe 12 and neglect the effect of the artificial Ti ordering introduced by using this unit cell. Although the I4/mmm symmetry is lowered by Ti substitution or the spin-orbit coupling (SOC) in the anisotropy calculation, we still use the notations of 8j, 8i, and 8f sites for simplicity.
For Co doping, Mössbauer spectroscopy found that Co atoms preferentially occupy the 8f sites in Y(Fe 1−x Co x ) 11 Ti, [39] while the high-resolution neutron powder diffraction experiments concluded that Co atoms preferentially occupy sites in the sequence of 8j > 8f > 8i. [40] For interstitial H, C, and N doping, neutron scattering has shown that dopants prefer to occupy the larger octahedral 2b interstitial sites, [15, 25] which have the shortest distance from the rare-earth sites among all empty interstitial sites. In all our calculations, we also assume that H, C, or N atom occupies the 2b sites.
B. Computational methods
Most magnetic properties were calculated using a standard linear muffin-tin orbital (LMTO) basis set [41] generalized to full potentials. [42] This scheme employs generalized Hankel functions as the envelope functions. For MAE calculation, the SOC was included through the force theorem. [ 
where i indicates atomic sites. Equation (1) holds true for all compounds that we investigated in this paper. Hence, we use K so (i) to represent the site-resolved MAE. For simplicity, we write it as K(i).
Exchange coupling parameters J ij are calculated using a static linear-response approach implemented in a Green's function (GF) LMTO method, simplified using the atomic sphere approximation (ASA) to the potential and density. [46, 47] The scalar-relativistic Hamiltonian was used so SOC is not included, although it is a small perturbation on J ij 's. In the basis set, s, p, d, f orbitals are included for Ce, Y, Fe, and Co atoms, and s, p orbitals are included for H, C, and N atoms. Exchange parameters J ij (q) are calculated using a 16 3 k-point mesh, and J ij (R) can be obtained by a subsequent Fouriertransforming. T C is estimated in the mean-field approximation (MFA) or random-phase approximation (RPA). See Ref. 46 for details of the methods to calculate T C .
For all magnetic property calculations, the effective one-electron potential was obtained within the local density approximation (LDA) to DFT using the parametrization of von Barth and Hedin. [48] However, with the functional of Perdew, Becke, and Ernzerhof (PBE) being better at structural relaxation for most of the solids containing 3d elements, [49] we use it to fully relax the lattice constants and internal atomic positions in a fast plane-wave method, as implemented within the Vienna ab initio simulation package (VASP). [50, 51] The nuclei and core electrons were described by the projector augmented wave (PAW) potential [52] and the wave functions of valence electrons were expanded in a planewave basis set with a cutoff energy of up to 520 eV . All relaxed structures are then verified in FP-LMTO before the magnetic property calculations are performed. a Except for the hypothetical 1-12 compounds, Ti substitution in the 13-atom cell breaks the symmetry of CeFe 12 , and lattice parameters a and b become nonequivalent. The listed calculated a is an average of a and b of the unit cell used in the calculation.
III. RESULTS AND DISCUSSION
A. structure Lattice constants and volumes are listed in Table I , the calculated lattice constants are in good agreement with experiments. The strong Ti site preference on the 8i site [3, 15, 54] had been interpreted in terms of atomic volume, coordination number, and enthalpy. It had been argued that enthalpy associated with R and Ti, V, or Mo atoms are positive and 8i sites have the smallest contact area with R atoms. To identify quantitatively the site-preference effect, we calculated the total energy of CeFe 11 Ti with one Ti atom occupying at the 8i, 8j, or 8f sites, respectively, in the 13-atom primitive cell. The lowest-energy structure is the one with Ti atoms on the 8i site. Energies are higher by 42 meV/atom and 60 meV/atom with Ti atom being on the 8j and 8f sites, respectively. Hence, Ti atom should have a strong preference to occupy the 8i sites, as observed in the experiments.
In comparison to the hypothetical 1-12 compounds, the replacement of Fe or Co atoms with Ti increases volume by 1% or 2%, respectively. Experimentally, H doping slightly increases the volume by 1% in YFe 11 TiH, which is not observed in our calculation. The calculated volume of CeFe 11 TiH is 0.82% larger than CeFe 11 Ti. Calculations show that carbonizing and nitriding have a larger effect on volume expansion than hydrogenation and volume expansion is larger in Ce compounds than in Y compounds, both of which agree with experiments.
The total density of states of YFe 11 Ti and YFe 11 TiN compares reasonably well with previously reported LMTO-ASA calculations. [6] Figure. 2 11 Ti, only a limited number of studies had been reported, and the calculated magnetization is larger than experimental ones. Ti spin moments couple antiparallel to those of Fe and Co sublattices, which is typical for the light 3d and 4d elements. [56] In CeFe 11 Ti, the Ce spin moments antiferromagnetically couple with the T M sublattice as expected. [57] Ce has a spin moment m s ≈-0.7µ B and an orbital moment m l ≈0.3µ B with the opposite sign, which reflects Hund's third rule. The calculated Fe spin moments on the individual sublattice have the magnitude in the sequence of m s (8i)>m s (8j)>m s (8f ), which agrees with previous experiments and calculations. [58] The dumbbell 8i sites have larger spin magnetic moments because of the relative larger surrounding empty volume and smaller atomic coordination number. The orbital magnetic moments calculated are larger in the Co-rich compounds than the Fe-rich compounds. MFA overestimated T C by about 200 K in Fe compounds and about 50−100 K in Co compounds, respectively. RPA gives lower T C values, e.g., 
K in YFe 11
Ti, and 461 K in CeFe 11 Ti, respectively. The experimental T C falls between the MFA and RPA values, and is much closer to the latter. Ti additions decrease the magnetization by 20% in RFe 11 Ti and RCo 11 Ti relative to their 1-12 hypothetical counterparts. The magnetization reduction is not only due to the replacement of ferromagnetic Fe by antiferromagnetic Ti atoms (spin moment −0.54µ B ), but also the TABLE II: Calculated spin Ms, orbital M l , and total Mt magnetization, exchanges J0 , Curie temperature TC estimated in the mean-field approximation, and magnetocrystalline anisotropy K in various compounds. Unless specified, experimental magnetization and anisotropy K values from previous studies were measured or evaluated for low temperature (< 5 K).
Compound
Ms suppression of the ferromagnetism on the neighboring Fe sublattices. This is a common effect of doping early 3d or 4d elements on the Fe or Co sublattice. [56] On the other hand, the addition of the Ti atom barely affects the Ce moment. Interestingly, although magnetization decreased by 20% upon the Ti addition, the calculated T C is even slightly higher in YFe 11 Ti than in YFe 12 . This is somewhat reflected in the experiments, in which no obvious T C dependence on Ti composition was observed in YFe 11−z Ti z over the homogeneous 1-12 phase composition range, 0.7≤ z ≤ 1.25. [11] To understand this phenomenon, we investigated the effective exchange coupling parameters J 0 (i)= j J ij and compare J 0 values in YFe 12 and YFe 11 Ti. With Ti replacing one Fe atom, J 0 values increase for all sites except the pair of Ti-Fe dumbbell sites. The overall J 0 and the mean-field T C increase. The site-resolved effective exchange parameters J 0 (i) for various compounds are listed in Table II . Figure 3 shows the magnetization as a function of the Co composition in YFe 11 Ti, with similar behavior to the Slater-Pauling curve. The maximum magnetization occurs at x=0.2, while in experiments it is at x=0.3. [19] Similarly, for Ce(Fe 1−x Co x ) 11 Ti, the experimental maximum magnetization occurs at x=0.1−0.15. [55] As shown in Table II T C than the corresponding RFe 11 Ti compounds, which agrees with experiments. [17] All interstitial doping increases M and T C in YFe 11 Ti and CeFe 11 Ti, and nitriding has the strongest effect. With H, C, and N doping, the calculated Curie temperature in YFe 11 Ti increases by 51, 157, and 211 K, respectively, which is consistent with experiments. J 0 values on all three T M sublattices increase with interstitial doping. Although DFT underestimats the volume expansion with H doping, the calculated ∆T C is only slightly smaller than the experimental value. The calculated ∆T C is larger with N doping than C doping, while their calculated volume expansions are similar. This indicates that both volume and chemical effects are important for the T C enhancement. To estimate qualitatively the relative magnitudes of the two effects, we calculate the T C of several hypothetical compounds related to YFe 11 TiN by removing the N atom in the unit cell or replacing it with H or C atoms, respectively. The calculated ∆T C of those structures relative to YFe 11 Ti are 53, 80, and 169 K, respectively. Obviously, both volume and chemical effects contribute to the T C enhancement and the chemical effects of interstitial elements are in the sequence of N>C>H.
As listed in Table II The Fe sublattice anisotropy may have a strong dependence on the composition of stabilizer atoms. [14] To understand how Ti affects the magnetic anisotropy and the origin of the nonmonotonic dependence of MAE on Co composition, we resolved MAE into sites by evaluating the matrix element of the on-site SOC energy. [44, 45] For intermediate Co composition, we investigate the MAE in YFe 7 Co 4 Ti and YFe 3 Co 8 Ti. We calculated the formation energy relative to YFe 11 Ti and YCo 11 Ti and found that YFe 7 Co 4 Ti has a formation energy E fmn =−34 meV/atom with four Co atoms on the 8j sites and E fmn =−28 meV/atom with four Co atoms on the 8f sites. Both values are lower than E fmn =−10 meV/atom, the formation energy of YFe 8 Co 3 Ti with all three Co atoms being on the 8i sites. Hence, the site preference of Co atoms is 8j>8f >8i, which agrees with the neutron scattering experiments. [40] For YFe 3 Co 8 Ti, we occupy another four Co atoms on the 8f sites and the corresponding formation energy is −31 meV/atom. (1) is well satisfied in all compounds and K so presents well the site-resolved MAE. The Y sublattice has a negligible contribution to anisotropy, as expected for a weakly magnetic atom, because the spin-parallel components of MAE contribution cancel out the spin-flip ones. [45] Sublattice-resolved MAE contributions in YFe 12 shows K(8j)>K(8i)>0>K(8f ), which agrees with the pre- A nis ot r opy ( me V /s ublat t ic e ) YFe 12 YFe 11T i YFe 7C o4T i YFe 3C o8T i YC o11T i Anisotropies of all three sublattices become more uniaxial and K(8j)>K(8i)>K(8f )>0 in YFe 11 Ti, which indicates that the introduction of Ti atoms modifies the electronic structure of neighboring sites and enhances their contribution to uniaxial anisotropy. Similarly, other compounds, such as YCo 11 Ti, CeFe 11 Ti, and CeCo 11 Ti, are also found to have MAE values larger than or similar to their corresponding hypothetical 1-12 counterparts. The dependence of MAE on the Co composition is nonmonotonic and also found in other R-T M systems. [59] As shown in Fig. 4 , the calculated MAE reproduce the trend observed in experiment. For intermediate Co compositions, YFe 7 Co 4 Ti compound has planar anisotropy while YFe 3 Co 8 Ti compound has a very small uniaxial anisotropy. The 8j sublattice is the major contributor to the uniaxial anisotropy in YFe 11 Ti. With all four 8j Fe atoms being replaced by Co atoms in YFe 7 Co 4 Ti, K(8j) becomes very negative. Moreover, K(8i) and K(8f ) are also strongly affected and become negative. Further Co doping on 8f sites changes K(8i) and K(8f ) back to positive in YFe 3 Co 8 Ti. Finally, in YCo 11 Ti both K(8i) and K(8f ) increase and K(8j) becomes less planar and we have K(8i)>K(8f )>0>K(8j).
The nonmonotonic composition dependence is often interpreted by preferential site occupancy, [59] however, such an explanation is an oversimplification for a metallic system, such as Y(Fe 1−x Co x ) 11 Ti. The MAE con-tributions from each T M sublattice may depend on the detailed band structure around the Fermi energy. The doping of Co on particular sites unavoidably affects the electronic structure of neighboring T M sublattices due to the hybridization between them, which changes the MAE contribution from neighboring sites. Obviously, as shown in Fig. 4 , with a sizable amount of Co doping, the variation of anisotropy is a collective effect instead of a sole contribution from the doping sites.
Among three T M sublattices, the dumbbell 8i sites have the largest contribution to the uniaxial anisotropy in YCo 11 Ti, which we found also true in CeCo 11 Ti, and hypothetical YCo 12 and CeCo 12 . It is interesting to compare the MAE contributions from Co sublattices in RCo 12 and R 2 Co 17 , in which the dumbbell Co sites have the most negative contribution to the uniaxial anisotropy. [38] In both cases, the moments of the dumbbell sites prefer to be perpendicular to the dumbbell bonds, which are along different directions in two structures, i.e., basal axes in the 1-12 structure and c axis in the 2-17 structure. As a result, dumbbell Co sites have MAE contributions of opposite sign in two structures.
In a real sample, Co likely also partially occupies the 8j and 8f sites instead of exclusively only the 8j site. We investigate the scenario at the other extreme by assuming Co occupies the three T M sublattices with equal probability and calculate composition dependence of MAE using the virtual crystal approximation (VCA). Interestingly, the nonmonotonic behavior is also observed as shown in Fig. 5 . The easy direction changes from uniaxial to in-plane and then back to uniaxial. The variations of each individual T M sublattice share a similarity with the trend shown in Fig. 4 . With increasing of x in Y(Fe 1−x Co x ) 11 Ti, K(8j) decreases and becomes negative while K(8i) and K(8f ) become negative for the intermediate Co composition and then change back to positive at the Co-rich end. Thus, the nonmonotonic behavior is confirmed with or without considering preferential occupancy. The spin-reorientation transition [21] from axis to in-plane occurs in Y(Fe 1−x Co x ) 11 Ti but not pure YFe 11 Ti, [21] which may relate to the fact that the competing anisotropies between three T M sublattices exist in Y(Fe 1−x Co x ) 11 Ti while all three T M sublattices support the uniaxial anisotropy in YFe 11 Ti. As shown in Fig. 5(Top) , MAE in Y(Fe 1−x Co x ) 11 Ti barely changes or even slightly increases with a very small Co composition. A similar feature had been observed experimentally. [60] It is caused by the partial occupation of Co on 8f sites in YFe 11 Ti. We found that replacing Fe atoms in YFe 11 Ti with Co atoms on the 8f sites increases the MAE.
It is commonly assumed that the MAE contributions from the T M sublattices are similar in R-T M compounds with different R, and such contributions are often estimated experimentally from measurements on corresponding yttrium compounds. [12] As shown in A nis ot r opy ( me V /s ublat t ic e ) anisotropy and K(8j)>K(8i)>K(8f )>0. However, magnitudes of each sublattice differ in two compounds, which suggest that the hybridization T M sites have with different R atoms affects their contributions to the MAE. Unlike the Y sublattice in YFe 11 Ti, Ce provides a positive contribution to the uniaxial anisotropy in CeFe 11 Ti.
D. Effect of interstitial doping
Interstitial doping with N, C, and H affects the MAE from both of the Fe and R sublattices. [30] As shown in Table II , H doping barely changes or slightly increases the uniaxial anisotropy in YFe 11 Ti and CeFe 11 Ti while carbonizing and nitriding weaken the uniaxial anisotropy, which agrees with experiments. [5, 27] Simultaneous substitutional Co doping and interstitial doping with H, C, or N is of interest. Although the uniaxial anisotropy may not improve that much at the low temperature, the effect could be more significant at room temperature. For example, upon hydrogenation, a significant increase of K 1 with a factor 1.8 was observed in YFe 9 Co 2 Ti at room temperature. [60] To our knowledge, simultaneous doping of Co and interstitial elements C and N atoms is not well studied. We calculated the MAE dependence on Co compositions in Ce(Fe 1−x Co x ) 11 TiZ with Z=H, C, and N, and results are shown in Fig. 6 . The site preference of Co is not considered and VCA is used. The maximum of uniaxial anisotropy in Y(Fe 1−x Co x ) 11 TiH is obtained at x=0.1 while experiments found the maximum at YFe 9 Co 2 TiH. [60] For the Fe-rich CeCo 11 TiZ, only H doping slightly increases the MAE, while C and N quickly decrease uniaxial anisotropy. For Y(Fe 1−x Co x ) 11 TiZ, it is unlikely we can have better uniaxial anisotropy (at least at low temperature) over the whole range of Co composition. Interestingly, for Co-rich Ce(Fe 1−x Co x ) 11 TiZ, interstitial C doping significantly improves the uniaxial anisotropy in Ce(Fe 1−x Co x ) 11 TiZ for 0.7<x<0.9. Considering the relative high Curie temperature on the Corich end, it has an attractive combination of all three intrinsic magnetic properties, M , J, and K, for permanent magnet application.
IV. CONCLUSION
Using DFT methods, the intrinsic magnetic properties of RFe 11 Ti-related systems were investigated for the effects of substitutional alloying with Co and interstitial doping with H, C, and N. All properties and trends were well described within the local density approximation to DFT. In comparison to the hypothetical YFe 12 , Ti quickly decreases the magnetization and increases the uniaxial magnetic anisotropy in YFe 11 Ti. The calculated Co site preference is 8j > 8f > 8i in Y(Fe 1−x Co x ) 11 Ti with x < 0.4, in agreement with neutron experiments. The enhancement of M and T C due to Co doping and interstitial doping are in good agreement with experiments.
Compared with YFe 11 Ti, the calculated T C increases by 51, 157 and 211 K in YFe 11 TiZ with Z=H, C, and N, respectively, with both volume and chemical effects contributing to the enhancement. We found that all three Fe sublattices promote uniaxial anisotropy in the sequence of K(8j) > K(8i) > K(8f ) > 0 in YFe 11 Ti, while competing contributions give K(8i) > K(8f ) > 0 > K(8j) in YCo 11 Ti. For intermediate Co composition, we confirm that the easy direction changes with increasing Co content from uniaxial to in-plane and then back to uniaxial. Substitutional doping affects the MAE contributions from neighboring sites and the nonmonotonic composition dependence of anisotropy is a collective effect, which can not be solely explained by preferential occupancy. The Ce sublattice promotes the uniaxial anisotropy in CeFe 11 Ti and CeCo 11 Ti. Interstitial C doping significantly increases the uniaxial anisotropy in Ce(Fe 1−x Co x ) 11 Ti for 0.7 < x < 0.9, which may provide the best combination of all three intrinsic magnetic properties for permanent applications.
